Circadian rhythms in Drosophila depend on a molecular feedback loop that includes products of the period (per) and timeless (tim) genes. RNA and protein products of both genes cycle with a circadian period and the proteins feedback to inhibit expression of their own mRNAs. While cyclic expression of PER protein appears to be necessary for rhythmic behavior, the function of per RNA cycling is somewhat controversial. Rhythmic transcription accounts, in part, for cycling of per RNA, but it is clear now that posttranscriptional mechanisms also contribute to the cyclic expression of both per RNA and protein. As posttranscriptional mechanisms, such as mRNA stability and translation, are frequently mediated by 3' untranslated regions (UTR) of genes, the authors examined the role of this region of per in the regulation of circadian rhythms. Removal of most of per's 3' UTR had a small effect on the function of a per transgene. However, replacement of per's 3' UTR with corresponding sequences of the tubulin gene led to the rescue of behavioral rhythms in per 01 flies with periods that were 3 h shorter than those generated by a wild-type per transgene. The hybrid RNA cycles, but the protein produced by it accumulates earlier in a day-night cycle than the PER protein produced by a control per transgene carrying its own 3' UTR, perhaps because the tubulin sequences counteract the effect of destabilizing elements in the per RNA at earlier points in the circadian cycle. These data indicate that the appropriate regulation of per RNA expression, effected by transcriptional as well as posttranscriptional mechanisms, is critical for the determination of circadian period.
The period (per) gene is a critical component of the circadian pacemaker in Drosophila melanogaster. Mutations in per have diverse effects on overt rhythms of eclosion (emergence of adult flies from pupae) and locomotor activity (Konopka and Benzer, 1971 ). These effects include shortening or lengthening the circadian period of both rhythms or even eliminating rhythms altogether, as seen in the case of the per 0 mutant, which lacks functional per protein (PER) (Konopka and Benzer, 1971; Konopka et al., 1994) . More recently, it has become clear that PER function in the Drosophila pacemaker requires its partner protein, the product of the timeless (tim) gene Sehgal et al., 1994 Sehgal et al., , 1996 .
per and tim RNA cycle such that levels are high at the beginning of the night and low at the beginning of the day (Hardin et al., 1990; Sehgal et al., 1995) . Levels of the two proteins also cycle, both proteins being high in the middle to the end of the night. Thereafter, the TIM protein is rapidly turned over close to dawn while PER continues to be expressed for a few hours longer Myers et al., 1996; Zeng et al., 1996) . The two proteins interact (Gekakis et al., 1995; Lee et al., 1996; Zeng et al., 1996) and, either directly or indirectly, negatively regulate their own synthesis, leading to low RNA levels at times of high protein expression. Molecular oscillations of RNA and protein are altered in the period-altering mutants and eliminated in flies that lack either PER or TIM, supporting the widely held belief that these oscillations and the feedback loop they generate constitute the underlying basis of overt rhythms .
Since the period-altering mutants affect the phase (in light-dark cycles) and the period (under free-running conditions) of the molecular oscillations (Hardin et al., 1990; Marrus et al., 1996; Zerr et al., 1990) , it is a reasonable assumption that the precision of the circadian period depends on the appropriately timed rise and fall of RNA and protein. However, which of these aspects are more important or how they are regulated is still an unresolved issue. An important subject of current research is whether RNA cycling is required for a functional clock. Analysis of per transgenes driven by heterologous promoters suggests that feedback regulation of per transcription may, in fact, be dispensable for cycling of the protein and also for behavioral rhythms (Cheng and Hardin, 1998; Frisch et al., 1994; Vosshall and Young, 1995) . These studies raise questions about the significance of RNA cycling.
Transcriptional control of per RNA cycling is well established (Hao et al., 1997; Hardin et al., 1992) , but recent data implicate posttranscriptional mechanisms as well (So and Rosbash, 1997; Stanewsky et al., 1997) . Cyclic expression of the protein, which lags behind the RNA by ~6 h, is also clearly regulated by posttranscriptional mechanisms (Dembinska et al., 1997; Stanewsky et al., 1997) . It is perhaps not surprising that multiple mechanisms would mediate these cyclic processes. The posttranscriptional mechanisms have not been well characterized, but stability and regulated translation are obvious possibilities. Since 3' untranslated regions (UTR) of an RNA are usually implicated in the control of its stability, and sometimes also its translation (Jackson, 1993) , it has been speculated that these regions may be important for per RNA regulation (So and Rosbash, 1997) . Thus, we investigated the role of these sequences in the per gene. We report here that most of per's 3' UTR can be deleted with a slight effect on rhythmic behavior, but the replacement of per's UTR with untranslated regions from the tubu-lin gene shortens the circadian period by ~3 h, indicating that accurate periodicity of the behavioral rhythm requires correct temporal regulation of per RNA. We also addressed the possibility of translational control but failed to see any evidence for delayed translation of per RNA.
MATERIALS AND METHODS
Activity assays. Flies were entrained to light-dark cycles for 3 days, after which they were placed in individual tubes and assayed for activity rhythms in constant darkness. The Trikinetics system (Konopka et al., 1994) was used for collection, and the Minimitter tau program was used for analysis as previously described (Sehgal et al., 1994) . The strength of the rhythms was determined using the Circadia software package obtained from Mistlberger et al. (1996) . This calculates a value, "power," that denotes the amplitude of the rhythm. For these experiments, we used a 5-day block from each fly to determine the power of its rhythm.
Generation of constructs. The control transgene (percon) used here was identical to the one previously described by Baylies et al. (1992) but was re-created for these experiments by cloning the per promoter and genomic sequences of the per gene into a CasPer4 vector. To make the per-deletion (per-del) construct and the per-tubulin (per-tub) hybrid, we first amplified, by PCR, sequences of per extending from nucleotides 6550 to 6719 (the stop codon is at 6713). The PCR product included a SnaB1 site (found in per at 6587), and the 3' primer included ScaI and HIII sites added downstream of per homologous sequences. The resulting PCR product was cut with SnaB1 and HindIII and cloned into the same sites of a genomic per clone (which extends from the XbaI site at 2270 to an XhoI site in the polylinker that is ~400 bp downstream of the transcription stop site). Since the native HIII site in per is at 7056, this cloning effectively eliminated untranslated sequences from nucleotide 6719 to 7057. This represents the per-del gene. For the per-tub construct, 3' untranslated sequences of tubulin were obtained from plasmid pDmTα1 (Theurkauf et al., 1986) by cutting this with ScaI and HIII (which is in the polylinker). The ScaI site in the tubulin gene is 2 bp upstream of the stop codon. The 807 bp ScaI-HIII fragment from tubulin was cloned into ScaI-HIII sites of the genomic per clone. The resulting per-del and per-tub genes were cloned into XbaI and KpnI (also in the downstream polylinker of the per plasmid) sites of Casper 4, downstream of a ~6 kb fragment that includes the promoter and transcribed regions of per up to the XbaI site at 2270.
RNase protection assays. These were carried out as previously described . The probes used included a per probe that protects nucleotides 123 to 438 of the per RNA and a tubulin probe that protects nucleotides 1 to 142 of tubulin. The per-tub transgenic RNA was detected with a probe synthesized from the hybrid construct. It includes vector sequences and extends from the SnaB1 site in per, which is 126 bp upstream of the translation stop, to a HincII site in the tubulin UTR. Since the SnaB1 site is within intron 7 of the per gene, this probe protects 68 nucleotides of per and 198 nucleotides of tubulin, to give a protected per-tub fragment of 266 nucleotides. The probe is also expected to protect an endogenous per band of 68 nucleotides and an endogenous tubulin band of 198 nucleotides.
Immunohistochemistry. After a minimum of 3 days' entrainment in LD 12:12, flies were collected on ice at ZT12, ZT14, ZT16, and ZT18, and the proboscis was removed from each fly. The flies were then prefixed in 4% paraformaldehyde/PBS for 10 min at 4ºC. Fly heads were cut with a razor blade, fixed again with the same solution for 2 h, washed 3 times with 25% sucrose/PBS at 4ºC, and cryoprotected overnight. The following day, they were embedded in OCT (TissueTek, Miles Diagnostic, Elkhart IN) and frozen in liquid nitrogen immediately. Ten to 12 -Mm sections were cut with a Leica cryostat; fixed for 10 min in 4% paraformaldehyde/PBS at room temperature; washed 3 times in PBS; blocked 60 min in 3% normal goat serum, 1% BSA, and 0.5% Triton X-100; and then incubated overnight at 4ºC with primary antibody UPR1 diluted 1/2000 in block solution. This antibody was raised in rats to recombinant PER protein produced by a baculovirus (kindly provided by M. Rosbash). The next day, the sections were washed 3 times with PBS and then incubated with a biotinylated anti-rat secondary antibody for 1 h and an HRP conjugated avidin tertiary antibody for 30 min, as per the manufacturer's instructions (Vectastain Elite kit from Vector Labs, Burlingame, California). Slides were stained using the VIP kit for 2 min. Staining was terminated by washing 3 times with water. Slides were mounted in glycogel (glycerol, PBS, gelatin and phenol crystals) and photographed with a Leica Polyvar microscope at 100X magnification.
Polysome analysis. Flies were entrained in LD for 3 days and then collected on dry ice at ZT7 and ZT14. Fly heads were isolated and homogenized in a cycloheximide lysis buffer (Goodwin et al., 1993) , using a handheld VWR Scientific homogenizer. The lysate was then spun at 14,000 rpm for 10 min at 4ºC. The resulting supernatent was layered onto a 9 ml 5%-45% linear sucrose gradient made in a cycloheximide lysis buffer on a 1.5 ml 60% sucrose cushion. Following a 2-h centrifugation in an SW41 TI Beckman swinging bucket rotor at 3.6 × 10 5 × g at 4ºC, 1.3 ml fractions were collected. Absorbances were measured at 260 nm, and then each fraction was extracted with 0.25 ml of 4M guanidine thiocyanate buffer (Goodwin et al., 1993) followed by 3 phenol:chloroform and 2 chloroform extractions. The RNA was precipitated with NaOAc and ethanol and then subjected to RNase protection assays. This entire protocol is essentially as described for polysome analysis in C. elegans (Goodwin et al., 1993) .
Western analysis. Flies were entrained to light-dark cycles and then collected on dry ice. Heads were isolated and homogenized in a lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.6, 10 mM EDTA, 0.2% Triton X-100, 10 mM DTT, and protease inhibitors) first with a mortar and pestle and then with a motorized homogenizer (Kontes). SDS was added to a final concentration of 1%, followed by additional homogenization. The homogenate was spun twice at 4ºC, 14,000 rpm for 10 min. The total protein concentration in the supernatent was determined using the Bio-Rad DC protein assay. An aliquot of 100 µg total protein was loaded in each lane on a 6% SDS-PAGE gel and transferred to a nitrocellulose membrane. Subsequent steps were done according to the manufacturer's instructions for the ECL detection system (Amersham Life Science). PER expression was detected with a 1:20000 dilution of a rabbit anti-PER antibody kindly provided by M. Rosbash. The membranes were also stripped and reprobed with a 1:20 dilution of a rat anti-N cadherin antibody generously provided by Tadashi Uemura (Iwai et al., 1997) .
RESULTS

Circadian Period Is Shortened by Replacement of per's 3' UTR with a Heterologous UTR
The per gene has a relatively long (505 bp) 3' untranslated region, most of which has been included in all per transgenes that rescue behavioral rhythms (Bargiello et al., 1984; Baylies et al., 1992; Citri et al., 1987; Frisch et al., 1994; Zehring et al., 1984) . To determine the role of this region in the per gene, we replaced it with corresponding sequences of the tubulin gene. As described in the Materials and Methods section and Figure 1 , 343 bp of the per 3' UTR, extending from the stop codon to a downstream HindIII site, was replaced with a 807 bp fragment that contains the entire 3' UTR (279 bp) of the α-tubulin gene. Note that the tubulin sequences include a polyadenylation signal (Theurkauf et al., 1986) , so the transcript produced by the hybrid gene is not expected to contain any per 3' untranslated sequences. Genomic per constructs, with and without this substitution, were introduced into per 01 flies under the control of ~4 kb upstream sequences that include the per promoter (Baylies et al., 1992) .
The control per construct (per-con), which carries the same coding regions but per's own 3' UTR, rescued rhythms of per 01 flies with average periods of ~27 h ( Figure 2 ). This construct is identical to one described previously (Baylies et al., 1992) but was regenerated for these experiments, and it rescued with about the same period in both cases. The construct that contained the tubulin substitution (henceforth referred to as per-tub) also restored rhythms to per 01 flies, but these rhythms displayed average periods that ranged from 23.15 to 24.7 h ( Figure 2 ). Note that the strength of the restored rhythms ("Power" in Table 1) is the same with per-con and per-tub constructs. Control per 01 siblings that lacked either transgene were arrhythmic in all cases (Table 1) .
Protein Encoded by the per-tub Construct Accumulates Earlier Than That Made by the Control per Transgene
To determine the molecular basis of the behavioral phenotype produced by the per-tub gene, we exam-ined the expression of PER protein in the different transgenics. Flies were entrained to light-dark cycles and collected at zeitgeber times (ZT) 12, 14, 16, and 18 (note that ZT0 = lights on and ZT12 = lights off). Heads were sectioned and assayed immunocytochemically using antibodies specific for PER (see Materials and Methods section). As shown in Figure 3A , in the control per transgenics, faint PER staining is observed at ZT16 but is not distinct in photoreceptor nuclei until ZT18. In the per-tub transgenics, on the other hand, expression can be detected as early as ZT14 ( Figure  3B ). Expression of endogenous PER in wild-type flies also precedes that of the PER-con protein, with clear nuclear expression at ZT16 and also faint expression at ZT14 ( Figure 3C ). The same results were obtained in 4 independent experiments. Immunocytochemistry experiments that focused on the falling phase of the protein profile (i.e., daytime points) did not indicate any difference in the disappearance rate of the 2 transgenic proteins from each other or from wild type (data not shown).
To confirm the immunocytochemistry data, we assayed the expression of PER in per-con and per-tub flies through Western blot assays. In 3 independent experiments, one of which is shown in Figure 4 , peak levels of PER in per-tub flies were comparable, although perhaps slightly higher, than those in per-con flies. Most noticeable, however, was the fact that, as in the immunocytochemistry assays, the protein appeared to accumulate earlier (compare ZT12 in the 2 genotypes). In fact, the somewhat higher levels at later time points may just reflect an increased accumulation due to an earlier buildup of the protein.
RNA Made by the per-tub Transgene Cycles with Levels That Are Comparable to per-con RNA
There are now several published reports of cyclic PER expression that is encoded by a noncycling transcript (Frisch et al., 1994; Cheng and Hardin, 1998) . We were interested in determining whether the shorter period and altered protein profile of the per-tub transgene were conferred by regulation of the per-tub RNA. Thus, we first assayed the temporal expression profile of the per-tub RNA. Flies were entrained to light-dark cycles for a minimum of 3 days and then collected at the zeitgeber times indicated in Figure 5A . RNA was isolated from adult heads and subjected to RNase protection analysis as previously described . The probe used in this case was generated from the per-tubulin construct, and thus it is specific 
Total Average Transgenic Line
Flies % Rhythmic pd ± SD Power ± SE 1 per-con w+ 2 3 7 0 2 7 . 8 7 ± 0.81 1 per-con w-1 0 0 2 per-con w+ 47 75.5 27.24 ± 0.80 2 per-con w-1 3 0 9 9 . 9 ± 3.2 3 per-con w+ 1 2 4 2 2 7 . 4 0 ± 0.55 3 per-con w- NOTE: All flies were entrained to LD 12:12 for 3 days and then tested for free-running activity rhythms in constant darkness. Multiple transgenic lines were generated and tested for each construct-6 for per-tub, 3 for per-con, and 2 for per-del. w+ refers to flies carrying the transgene; w-refers to nontransgenic siblings from each line. Note that the background in all cases is per 01 , so the nontransgenic siblings are expected to be arrhythmic. Power, which reflects amplitude, was calculated using the Circadia software for the following numbers of flies: 31 from the per-del strain, 61 from the per-tub strain, and 25 from the per-con strain. The average power for each genotype is shown. Table 1 , the rhythms rescued by the per-del construct appear to be stronger than those seen with per-tub and per-con constructs.
for the transgene (see the Materials and Methods section for a complete description). It also protects a tubulin band ( Figure 5A ) and is expected to protect a 68-nucleotide fragment corresponding to the endogenous per 01 transcript. However, we failed to detect the endogenous per band in all our experiments. It is conceivable that part of the probe that is homologous to per does not hybridize effectively, perhaps due to some secondary structure, or that the protected fragment is too small (and, therefore, unstable) for reliable detection in RNase protection assays. The tubulin fragment that is protected is of the correct size-198 nucleotides.
As demonstrated in Figure 5A , the per-tub transgene cycles with a robust (~tenfold) amplitude. A broad peak is observed from ~ZT10-ZT18, and by -tub (B) , and wild type (C) (see Figure 1 for a description of the transgenes) . Both transgenes are in a per 01 background. The wild-type strain used here was the yellow-white (yw) strain, which is wild type for behavior and molecular rhythms and represents the background that the transgenes are first introduced into. Numbers of flies tested at each time point for the different genotypes were as follows. For per-tub: 4 (ZT12), 15 (ZT14), 10 (ZT16), 15 (ZT18); per-con: 4 (ZT12), 9 (ZT14), 9 (ZT16), 13 (ZT18); and wild type: 4 (ZT12), 7 (ZT14), 6 (ZT16), 8 (ZT18).
ZT22, RNA levels are low. The plot in Figure 5A represents the average of 3 independent experiments.
We then compared the RNA profile of this transgene with that of the control per transgenic RNA. The probe used in this experiment does not distinguish between the endogenous per 01 transcript and the pertub transgene. This was done to ensure a fair comparison of the 2 transgenes since a probe specific for the control transgenic RNA cannot be designed. Figure 5B shows that levels of the per-tub RNA are not greater than those encoded by the control per transgene (percon), and its expression does not persist longer in a day-night cycle. Other experiments, in which RNA levels were assayed at 1-h intervals during the accumulation phase, indicated that levels of per-tub RNA were generally higher than those of per-con from ZT6-ZT8, although there was considerable variability, perhaps due to the low-amplitude oscillation of the per 01 transcript also recognized by the probe (data not shown).
The 3' Tubulin Substitution Alters the Accumulation Profile of per RNA
As mentioned above, detection of the per 01 transcript complicated the interpretation of the data obtained with per-con flies. To determine whether the accumulation profile of the per-tub RNA was altered, we compared it with that of per RNA in wild-type flies, using a probe specific for the per-tub transcript in one case and the per RNA probe described above in the other case. As shown in Figure 6 , the per-tub RNA accumulates more rapidly than wild-type per. It shows a four-to fivefold increase from ZT5 to ZT9, while wild-type per only increases ~twofold during this time. Absolute levels of the two cannot be compared as different probes were used.
per RNA Is Present on Polysomes at ZT7
Our analysis of per-tub RNA indicated that the RNA accumulates earlier. One other mechanism that could account for an earlier appearance of the protein made by the per-tub RNA would be the repression of some translational control that normally delays the expression of the protein. Initially, this was a particularly viable hypothesis because, as discussed earlier, per RNA peaks ~6 h before PER protein, producing a lag in protein expression that is an important part of the feedback loop (see also the Discussion section). The lag could be produced by regulated stability of PER protein or by delayed translation of per RNA. In case of the per-tub transgene, removal of per's 3' UTR, which would be an obvious candidate for mediating translational control (Jackson, 1993) , could contribute to earlier synthesis of the protein.
To investigate translational control as a possible mechanism for regulating PER expression, we examined the subcellular distribution of per RNA in wildtype flies at ZT7 and ZT14. We collected adult flies at these times, isolated heads and prepared lysates from them, and then ran the head lysates through sucrose gradients to separate polysome and free ribosome fractions. RNAs that are actively being translated are associated with polysomes, while RNAs that are not translationally active (such as those subject to translational control) are not loaded onto polysomes and thus are associated only with free ribosomes that sediment higher band seen in the gel presumably reflects protection of the probe by contaminating genomic DNA. As expected,  the size of this band is a little smaller than the probe itself (not shown), which contains some plasmid vector sequences also. (B) The cyclic  expression profile of the per-tub RNA was compared to that of per RNA in per-con flies. As noted in the text, the probe used here does not  distinguish transgenic per from the endogenous per 01 transcript. As in (A) , the quantitation on the right plots per/tubulin ratios against time. The peak per/tubulin ratio in the per-con genotype at ZT10 was taken to be 1, and all other values were determined relative to that to permit direct comparison of per RNA levels in the 2 transgenic genotypes. The decrease at ZT14 is not a general characteristic of the profile for either of these genotypes; it just represents an aberrant time point in this experiment. more slowly and are thus close to the top of the gradient (Goodwin et al., 1993) . RNase protection assays of the polysome and free ribosome (monosome) fractions at ZT7 and ZT14 revealed that per RNA is associated with polysomes at both time points, as is much of the tubulin control mRNA (Figure 7 ). Averaging data from 3 experiments at ZT7 indicated that 70% of per RNA was associated with polysomes and 30% with monosomes. A similar distribution of per RNA was seen at ZT6 (data not shown). The distribution at ZT14 was 75% and 25%, respectively. Thus, it was not noticeably different from the distribution at earlier time points. These experiments argue against translational control of per RNA, and so we did not pursue it as the basis for the per-tub phenotype.
Deletion within per's 3' UTR Does Not Produce a Behavioral Phenotype
To determine whether it was the addition of the tubulin sequences that produced the behavioral and molecular phenotype in per-tub transgenic flies or the removal of per 3' sequences, we generated another construct in which most of per's 3' UTR was deleted. To ensure appropriate polyadenylation and transcription termination, the 3' most sequences that contained these signals were included in the construct (Figure 1) . Thus, sequences extending from the translation stop site to the HindIII site mentioned above (343 bp) were deleted. The resulting construct (per-del) was introduced into per 01 flies that were then tested for locomotor activity rhythms (Table 1 and Figure 2 ). While one transgenic line carrying the per-del construct displayed rhythms that were close in periodicity to those seen in per-con flies, the other line appeared to have shorter periods (Table 1) . Pooling data from the 2 transgenic per-del lines and comparing them with pooled data from 3 per-con lines indicated that circadian period was 0.5 h shorter in per-del lines, and this difference was statistically significant (p < .005). In addition, the rhythms were significantly stronger (see "Power" values in Table 1 ). This may also account for Figure 5A, which is specific for the per-tub transcript. For the wild-type flies, the probe is the same as that in Figure 5B . Protected fragments are indicated to the left of each gel. Data from 3 experiments (including the one shown here) were quantitated and plotted as described in Figure 5A . The peak value for each genotype was taken to be 1 in every case. Note that absolute values cannot be compared between the 2 genotypes because different probes were used and also because the data for each time point were normalized relative to the peak level in that genotype.
the higher percentage of flies from these lines that scored rhythmic as compared to the other transgenic genotypes. However, the per-del construct did not shorten the period to the same extent as the per-tub construct, suggesting that it was the addition of tubulin sequences in the per-tub construct that accounted for the phenotype of those transgenic flies rather than the deletion of per sequences.
DISCUSSION
The feedback loop comprising the per and tim genes is thought to be an integral part of the central clock mechanism in Drosophila. Since oscillations of the 2 RNAs and proteins are the basis of the loop, it seems logical that both would be required to sustain clock function and, therefore, behavioral rhythms. However, the role of RNA oscillations has been somewhat controversial. While rescue of behavioral rhythms by per transgenes is always accompanied by cyclic PER expression in lateral neurons, the same is not the case for RNA oscillations. At least one rescuing transgene expresses per under control of the heat-shock promoter, with no apparent RNA oscillation (Frisch et al., 1994) . This lack of RNA cycling was not considered definitive since failure to detect it could be attributed to the widespread expression of the transgene, which might obscure cycling in the relevant tissues. Nevertheless, these experiments did raise the possibility that RNA cycling was not required for the rescue of behavioral rhythms. More recently, a per transgene, in which per coding sequences were fused to the rhodopsin promoter, was designed (and found) to express RNA (1-8) . Fractions 1-4 are enriched in polysomes, while fractions 5-8 contain free ribosomes. As indicated in the text, 70% to 75% of per RNA is present on polysomes at both time points, ZT7 and ZT14. In 3 independent experiments, per RNA was found to be preferentially associated with polysomes at ZT7, although the exact distribution between polysome fractions (1-4) varied.
constitutively and yet encoded a cycling protein (Cheng and Hardin, 1998) .
These studies, which question the importance of RNA cycling and therefore the relevance of feedback, raise the question of which aspects of the feedback loop are critical for behavioral rhythms. There is general agreement that protein cycling is necessary, and perhaps also sufficient, to drive a circadian rhythm. However, our studies demonstrate that changes in per RNA, which leave the protein coding regions intact, change the periodicity of the overt rhythm. We propose that RNA cycling is required for temporal precision of the overt rhythm. Thus, while the semblance of clock function may be achieved with protein cycling alone, such a clock will not display the precision that is a hallmark of all circadian rhythms. It would seem that the daily appearance and disappearance of the protein must be precisely timed, and these would depend on appropriate regulation of the RNA. Transgenes that lack upstream sequences and thus receive little or no transcriptional feedback, such as two promoterless per constructs and one in which per expression is driven by the glass gene promoter, rescue rhythms with altered periods (Frisch et al., 1994; Vosshall and Young, 1995) . Our data suggest that interfering with posttranscriptional mechanisms also leads to period changes. Although increased transcription of the per-tub transgene is possible, we are not aware of any transcription enhancers in the tubulin 3' UTR.
Posttranscriptional control of per RNA cycling was suggested by analysis of reporter constructs in which luciferase expression was driven by per upstream sequences . The reporter RNA and activity cycled with the same phase and amplitude as endogenous per only when per coding sequences were included in the construct. In addition, regulated stability of per RNA was proposed recently to account for the differences in the RNA profile obtained through nuclear run-on assays and RNase protection assays, which measure transcription rates and steady-state RNA levels, respectively (So and Rosbash, 1997) . More specifically, this particular study noted that steady-state accumulation of per RNA lagged behind transcriptional activity at the per promoter during the daily RNA rise, but the falling phase of the RNA cycle was the same in both measurements. These data suggested circadian control of RNA stability and raised the question of when this control is exerted. Our data support the idea of a control mecha-nism during the rising phase of the RNA profile. The early accumulation of per-tub RNA (and, therefore, that of PER-T), as compared to per-con RNA, is presumably due to the suppression of some control that normally delays the accumulation of per RNA. Although we cannot exclude general increased translation of the per-tub RNA as an additional contributing factor, we propose that the tubulin sequences confer a stability that overrides the effect of any destabilizing elements in per RNA. Thus, appearance of the pertubulin RNA may be dictated by transcriptional control alone, while wild-type per RNA may be subject to additional controls (most likely stability although RNA splicing and transport are theoretical possibilities) that determine its rise in a circadian day. In this regard, it should be noted that cyclin genes B1 and A display changes in the stability of their transcripts over the course of the cell cycle (Maity et al., 1995 (Maity et al., , 1997 . This may be an analogy between the cell cycle and the circadian cycle.
Our control per transgene rescues rhythms with long periods, and the appearance of the protein in a day-night cycle is delayed. Since other per transgenes that rescue with a closer to wild-type period contain slightly more upstream sequence (Citri et al., 1987) , it is likely that the transgenes used here produce lower levels of per RNA. The per-tub substitution may compensate for this through earlier stabilization of the transcript.
Our data also indicate that most of per's 3' UTR can be deleted without a severe behavioral phenotype, suggesting that the important regulatory sequences, including those that mediate posttranscriptional control, lie elsewhere. Although it is possible that the major function of the 3' UTR is carried out by the small part of it that remains in the per-del construct, we believe that this is unlikely, given that most conserved sequences in the UTR (GenBank accession number X61127) were deleted in this construct. Moreover, the per-luciferase construct that recapitulates endogenous per cycling lacks the 3' untranslated region . It is, however, possible that the 3' UTR serves a redundant function.
We cannot account satisfactorily for the increased strength of the rhythm in per-del flies. The increased strength relative to per-con flies could be due to the slightly shorter period as long-period rhythms are usually weak. The lower strength of the per-tub rhythms presumably reflects some effect of the tubulin sequences, even though they shorten the circadian period. Since the earlier accumulation of the protein in per-tub flies reduces the trough phase of the protein profile, it is conceivable that this somehow weakens the rhythm.
We also report here the first investigation of possible translational control mechanisms in per regulation. In this study, delayed translation of the wild-type PER protein, but not the protein produced by the per-tub transgene, would result in the phenotype observed. This idea was attractive in light of the fact that a lag occurs between the peak of the per and tim RNAs and the peak of the proteins, and 3' untranslated sequences are frequently implicated in mediating translational control (Jackson, 1993) . However, given that deletion of the 3' UTR failed to produce the same effect, this is probably not the case. Furthermore, the polysome experiments suggest that wild-type per RNA is being actively translated at ZT6 and ZT7 (data not shown; Figure 7) , which is the time at which you would expect repression if translational control were involved. It should be stressed that the question of how a lag is generated between RNA and protein peaks has been an important one in the field for several years now. The lag is critical to maintain molecular cycles since it delays feedback by the protein and allows the RNA to rise to a certain level before it is turned off. Experiments carried out with PER-β galactosidase fusion proteins suggest that the lag is generated through temporal stability of PER (Dembinska et al., 1997) . However, this has yet to be directly demonstrated, and until now, the alternative explanation (i.e., translational control) was never tested experimentally.
The temporal profile of tim RNA expression correlates with the transcription rate at the tim promoter more so than the per RNA profile does with its rate of transcription (So and Rosbash, 1997) . This suggests that cyclic expression of tim can be largely accounted for by transcriptional mechanisms. However, posttranscriptional mechanisms cannot be excluded and should be worth investigating.
